A comparative molecular dynamics analysis of the pyruvate kinase from Leishmania mexicana (LmPYK) is presented in the absence and presence of the allosteric effector fructose 2,6-bisphosphate (F26BP). Comparisons of the simulations of the large 240 kDa apo and holo tetramers show that binding of F26BP 'cools' the enzyme and reduces dynamic movement, particularly of the B-domain. The reduced dynamic movement of the holo form traps the PYK tetramer in its enzymatically active state with the B-domain acting as a lid to cover the active site.
INTRODUCTION
The allosteric behaviour is regulated by the effector molecule fructosebisphosphate (FBP) which binds to the C-domain of each protomer close to the small C-C interface of the tetramer. The question we address in this paper is how binding of FBP at a site over 40Å from the active site results in a 7 to 10 fold increase in activity (depending on species). Despite the structural similarities between the tetrameric PYK enzymes from the different families, there are very distinct differences in allosteric mechanisms. For example, the effector molecule for the trypanosomatid PYKs is fructose-2,6-bisphosphate (F26BP) while the effector for bacterial and mammalian PYKs is fructose-1,6-bisphosphate (F16BP). Such structural differences result in lower amino acid sequence identity around the effector binding site. Also there is biophysical evidence to show that regulatory mechanisms can vary and human M2PYK (one of the four human PYK isoforms) for example dissociates from active tetramer to inactive monomers as a control mechanism [2] . There is no evidence that any of the other PYKs use this as a regulatory control mechanism.
In this paper we present a comparative molecular dynamics (MD) analysis of the pyruvate kinase from Leishmania mexicana, LmPYK in order to study the effect of ligand binding on local and global dynamics of the tetramer. LmPYK was chosen as a model to study the allosteric activation of PYK as it is the only example of an allosteric enzyme where X-ray structures for all four relevant states are available; namely a T-state apo structure with no ligands bound; a structure in which only the effector molecule (F26BP) is bound; a substrate-only structure and a fully liganded structure with both substrate analogue and effector bound [1] . Overlays of the tetramers for each of these structures showed that only the unliganded T-state tetramer adopted a significantly different conformation from the other three R-state structures which have very similar (RMSFIT < 1 Å) conformations. The conformational transitions observed on going from the T to R state preserved the approximate D2 symmetry of the tetramer but involved changes in the relative orientations of the protomers and also changes in the inter-protomer interactions across the A-A and C-C interfaces. The major differences between the T and R state structures can be described as rigid-body rotations of the protomer domains and led to a description of the a 'rock-and-lock' mechanism for allosteric activation of LmPYK [1] .
The 'rock-and-lock' mechanism fits with the original Monod-Wyman-Changeux (MWC) ideas of an essentially two-state equilibrium between inactive T-states and active R-states as observed experimentally in a number of protein X-ray structures [3] . Despite the insight obtained from the R and T state LmPYK X-ray structures there are still some unanswered questions about the mechanism by which the enzyme shifts between the "off" and "on" states and in particular how the activity of the enzyme is altered by the binding of regulatory molecules. In this regard it is intriguing to note from the X-ray structures that the bound F26BP effector molecules do not make interprotomer contacts. Instead, they bind to a flexible loop region. Experimentally it was found from thermal denaturation studies [1] that binding of the effector to LmPYK significantly increased the thermal melting temperature of the protein and the suggestion has been made that the approximately 7-fold increase of the catalytic rate of LmPYK upon F26BP binding is caused by a rigidification of the enzyme. Molecular dynamics (MD) provides an ideal tool to explore this possible mechanism.
Here we describe two MD simulations for the complete tetramer; the first in the absence of F26BP
(the apo structure); the second with F26BP bound, (the holo structure). MD simulations of the isolated monomer are also described. The term 'protomer' refers here to a PYK chain when it is bound in the tetramer while 'isolated monomer' refers to a single PYK chain surrounded by in protein flexibility is also analysed. These thermodynamic effects along with specific structural rearrangements provide a detailed picture of the allosteric mechanism of LmPYK.
MATERIALS AND METHODS
In the Leishmania mexicana parasite, the four domains of pyruvate kinase are; the N terminal domain which is composed of residues 1-17, the A-domain which comprises residues 18-88 and 187-356; the B-domain which forms the mobile lid comprises residues 89-186 and the C-domain which incorporates the effector site and comprises residues 357-498.
A detailed comparison of the low resolution 3HQQ structure with 3HQN (unliganded LmPYK in the T-state) and 3HQP (LmPYK in complex with F26BP, ATP and oxalate) is given in the Supplementary material. It can be seen from Figure S1 and Table S1 that despite the low resolution of 3HQQ, the structure provides clear experimental evidence for the 'R-like' conformational state of the F26BP effector-bound tetramer. The conformation of the 3HQQ tetramer (chains DEFG) was taken as a starting point for both an effector bound (LmPYK-F26BP) tetramer simulation and (by removing F26BP) a ligand-free LmPYK simulation. Comparison of these two simulations provides a useful insight into the nature of the effector-regulated T to R transitions.
In order to understand the extent of neighboring protomer effects, additional simulations were performed for isolated monomers from the apo and holo structures. Any monomer simulations used protomers extracted from the relevant tetramer X-ray structure.
All the MD simulations were carried out using GROMACS (GROningen MAchine for Chemical Simulations) package version 4.5 [4] with AMBER99sb-ildn [5] force-field parameter set to model protein and small molecule effector and substrate molecules including F26BP and ATP. The starting structures were solvated in a dodecahedron box placed at a distance of 0.9 nm from the box boundary. Simple point charge (SPC) water molecules were used to fill the box, followed by the addition of sodium (Na and 272000 to 282000 (tetramer) water molecules respectively (Table 1 ). In order to maintain a constant temperature of 318 K, the protein and non-protein atoms were coupled to their own temperature baths using the V-rescale thermostat. This was followed by an NPT equilibration, in which the pressure was maintained isotropically at 1 bar using the Berendsen thermostat [6] with a coupling constant of 0.1 ps. For the apo simulation, the NPT equilibration was carried out for 250ps with 50,000 steps of 5 fs [4] . The holo equilibration was also carried out for 250 ps but using 62500 steps of 4fs. The NVT equilibrations were performed in the same way for 250ps but with 50,000steps at 5fs for the apo structure and 62500 steps at 4fs for the holo structure. It is known that the Berendsen thermostat does not generate a proper canonical ensemble however, such discrepancies are insignificant for large systems [7] .
For all simulations the water molecules and bond lengths were restrained using the SETTLE [8] and LINCS [9] algorithms respectively. A single cut off of 1 nm was used for the treatment of Van der-Waals interactions. Long-range electrostatic interactions were simulated using the ParticleMesh Ewald (PME) method with 0.16 FF grid spacing and 4 th order B-spline interpolation for the reciprocal sum space. The systems were relaxed by 1000 steps of steepest descent energy minimization procedure prior to the simulations. The snapshots were saved every 2ps, thereby yielding 10000-20000 frames (Table1). The use of the LINCS algorithm has been shown to allow simulations with an increased time step of up to 5fs [4] , and this was used in the 78ns simulation of apo Lm PYK. Details of the time-steps and simulation times are summarized in Table 1 . Periodic Boundary conditions were applied in all the directions. In the analysis of trajectories, the initial conformation for the tetramer, protomer and the isolated monomer were fixed and taken as the standard and all other conformations were expressed relative to this initial reference structure.
RMSD plots for the apo and the holo structures are given in the Supplementary material section as Figures S2, S3, S4 and S5. Rigid body displacements and rotations were removed from all trajectories. Acpype [10] from AMBER was used to generate the topology of the ligand and PyMol [11] was used for generating the tetrameric structure. The computing resource used for this simulation was HecToR [12] Phase 3 service of Cray XE6 compute nodes consisting of two 2.3
GHz 16-core AMD Interlagos chips with a total of 2816 nodes.
RESULTS

Analysis of calculated and experimental B-factors
The 
Analysis of Correlation Matrices
The B-factors yield information on the fluctuations of the individual residues but do not contain The clear block like pattern in Figure 3a shows that the protomers are moving in an anticorrelated fashion which is consistent with a concerted rocking motion depicted in Figure 3e and previously postulated in the 'rock-and-lock' mechanism identified from an analysis of crystal structures of the R and T-states of LmPYK [1] . (Though the anti-correlated movements identified in Figure 3 do not provide any evidence that these movements are concerted motions) Negative correlations between atom pirs are plotted in Figures 3a and 3b with the maximum anticorrelation value scaled to -1 (black) and all other negative correlations shown on a shaded on a grayscale. All correlations greater than or equal to zero are white. . Dark regions show that negative fluctuations of the apo structure are much stronger than those of the holo structure. These responses are much less, however, than those observed in the protomer. Figure 3e : Cartoon of the anti-correlated rocking motions of the 4 pyruvate kinase protomers (with residue numbering defined as in Fig. 3a) .
A more detailed analysis of the matrix showing anti-correlations in a single protomer within the tetramer is presented in Figure 3b , where the dark regions show the negatively correlated We conclude that allosteric activity resulting from the anti-correlated behavior of the B-domain cap and the effector binding regions is already built into the isolated monomer, but is amplified by tetramer formation.
Pair-wise distance distributions identify differences in behaviour between the Apo and Holo structures
Molecular dynamics trajectories of the apo and the holo structures give information on how much time the system spends in a given conformational state [13] . Structural and dynamic differences in the apo and holo structures are analysed here using a novel plot of pair-wise distance distributions.
In order to track the interaction between a pair of residues over the course of an MD simulation the inter-atom distance is calculated at each time point and the frequency distribution of the distance is plotted over the time-course of the simulation. In many cases, as expected, the inter- Monitoring distortions in the active site α6 helix: Ala 261 and Asp 264 are one helical turn apart in the short α6 helix which provides a crucial geometrical template for binding the substrate.
The switch from the T to R states in LmPYK involves the rigid body rotation of the AC core [1] which enables Arg310 on one protomer to form specific hydrogen bonds to the backbone carbonyls of arginine and glycine residues located in the α6' helix of the adjacent protomer. The short α6'
helix (260-VARGDLGVEIP-270) is unusual in that it contains two glycines. The MD simulation supports the idea that the allosteric mechanism may involve a transition between an ordered (Rstate) helix able to bind substrate and a disordered (T-state) conformer. We observe a single, welldefined peak for the holo tetramer which corresponds with the ordered (R-state) helix. The apo tetramer however shows a bimodal distribution for the apo tetramer with peaks at 5.7 Å and 7.8Å
( Figure 4d ). These two peaks in apo tetramer suggest that the helix can distort and temporarily unwind in the absence of F26BP. Interestingly the Cα-Cα distance between A261 and D264 in structure 3HQQ used for MD is 6.5 Å while the corresponding distance in the apo-X-ray structure (3HQN) is 5.6 Å which closely agrees with the mean distance observed in the major peak in Figure   4d .
CONCLUSIONS
The MD simulations of tetrameric LmPYK in the apo and holo (F26BP-bound) states provide insight into the allosteric effector mechanism triggered by F26BP. By studying the dynamic behaviour of the tetramer compared with isolated monomer chains the simulations also show how the major allosteric effect is linked to a concerted motion of the complete tetramer. The analysis of correlated motion is consistent with a synchronised rocking of the protomers. There is a 12% in B-factor amplitude in the tetramer fluctuation on binding F26BP (which is at least in part due to a dampening of the B-domain movement). The reduced fluctuations in the tetramer may provide a mechanism which effectively cools down the tetramer and traps the tetramer in the active R-state conformation. This hypothesis is also consistent with the difference correlation plots which show that the magnitude of the anti-correlated movements, particularly involving the Bdomain, are reduced on F26BP binding. Interestingly the behaviour of an isolated monomer PYK chain shows almost no effect on the overall B-factor upon F26BP binding, suggesting that the coupled movement of the protomers is required for this damping effect.
The concerted motions of the AC domains of the four protomers that make up each tetramer fit well with the classical Monod-Wyman-Changeux (MWC) model of allostery which suggests that oligomeric enzymes undergo symmetrical transitions (classically between the T-and R-states) that can be stabilized by ligand binding [14] . However the asymmetric movements of the Bdomains do not conform with the MWC requirement of perfectly conserved symmetry. Our observations showing a lowering of B-factors on effector binding might further suggest the effector is not only locking the R-state using local van der Waals and hydrogen bond interactions (as suggested previously [1] ), but is also acting as a general heat-sink to cool down the whole tetramer.
More recent descriptions of allostery highlight the role of entropy changes on effector binding [15, 16] as well as the importance of the intrinsic dynamic nature of the protein [16, 17] .
Our observations on the effect of F26BP binding on ligand flexibility suggest that protein rigidity (related to melting temperature) and intrinsic heat capacity are important factors in stabilizing the R-state of PYK, and other allosteric proteins.
Another insight about the flexibility of PYK comes from a comparison of tetramer with the isolated monomer which shows that the B-domain in the tetramer is more mobile than in the isolated monomer. Interestingly, the B-domain movements in the tetramer have been frequently found to be asymmetric in a large number of PYK X-ray structures (e.g. PDB codes 1PKY, 1PKN, 1AQF, 1F3W) [18] . The asymmetry in these structures is such that B-domains of protomer pair 1 Figure   4c ) but also keeps the active site helix tight and the enzyme in an active R-state conformation (Figure 4d ). This helical order-disorder transition between the T and R-states of LmPYK is key to explaining the on-off state of the enzyme as the phosphenoyl pyruvate substrate can only bind in the active site when the short α6'-helix (260-VARGDLGVEIP-270) adopts an ordered conformation. That these MD simulations have captured this transition for the unliganded apo form within the 80ns simulation indicates the relative instability of this glycine-rich helix. It is also significant in the simulations that the holo state is in the ordered (active R) state over the complete simulation while the apo (unliganded) can sample both disordered and ordered conformations (Figure 4d ). These results suggest that the apo-enzyme can sample a range of conformational states, some of which would be similar to the active R-state. This dynamic description of PYK fits with the 'ensemble representation' and 'population shift' ideas of allosteric activation [16, 19] .
The MD analysis presented in this paper therefore supports a model in which concerted domain movements as described in the MYC model dominate the allosteric mechanism of
LmPYK. However the analysis of specific order-disorder transitions and the 'heat-sink' effect of the bound effector highlight the importance of entropic and vibrational movements in regulating the allosteric effect of effector binding on the enzyme activity of leishmania pyruvate kinase.
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